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doi:10.1016/j.jfma.2012.02.015Background/Purpose: Synovial fluid in the temporomandibular joint (TMJ) acts as a lubricant
and shock absorber, facilitating smooth jaw movements by reducing friction and cushioning
the articular cartilage and other tissues in the TMJ. This study investigated the flow pattern
of synovial fluid in the articular cavity during jaw opening.
Methods: The upper TMJ compartment in a healthy individual was studied by computed tomog-
raphy arthrography, and the intra-articular pressures were measured during jaw opening. The
compartment was reconstructed in three dimensions, and finite volume fluid dynamic modeling
was used to analyze the pattern of fluid flow and pressure distribution during jaw movements.
Results: In a closed-jaw position, the upper joint compartment assumed a dumbbell shape.
During the jaw opening process, the anterior portion of the upper compartment decreased grad-
ually until it disappeared completelywhen the jawwas opened. As the jaw opened, the posterior
space enlarged gradually. During jaw opening, the pressure in the anterior space of the upper
compartmentwas higher than that in the posterior space. Themodel indicated that synovial fluid
circulated anticlockwise, forming local vortices in both anterior and posterior spaces.
Conclusion: During jaw opening processes, the three dimensional configuration of a normal
upper TMJ compartment changed as the joint disc moved, with the synovial fluid circulating in
an anticlockwise direction and local vortices forming.
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The temporomandibular joint (TMJ) is characterized as
a load-bearing organ in the human body. Synovial fluid in
the TMJ acts as a lubricant and shock absorber, facilitating
smooth jaw movements by reducing friction and cushioning& Formosan Medical Association. All rights reserved.
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Different stages of TMJ disorders can be characterized by
distinct changes in weeping lubrication and boundary
lubrication capacities of the synovial fluid.6 Synovial fluid
also acts as a medium controlling osmosis between the joint
and blood supply and protecting the cartilage against
enzyme activity. The metabolic and physicochemical
characteristics of synovial fluid, as well as its flow direction
and pressure distribution, have been implicated in
progression of cartilage deterioration and osteoarthritis
(OA).7e9
Much OA research has focused on changes in the cyto-
kine profile of human synovial fluid during disease onset and
progression, including levels of tumor necrosis factor-a/
interleukin-1b,10,11 C-reactive protein, and matrix metal-
loproteins.12 C-reactive protein and matrix metalloproteins
in synovial fluid play key roles in joint degeneration asso-
ciated with primary OA.12 Therefore, intra-articular
administration of therapeutic agents has been widely
explored for OA treatment.13e15 Corticosteroids and hya-
luronic acid are currently used to treat chronic pain in
a variety of joints; however, multiple injections increase
the risk of iatrogenic joint damage and other complica-
tions. Measurement of synovial fluid biomarkers has been
proposed as a method to monitor the pharmacokinetics and
distribution of the drugs,16 but has yet to be established. A
solid understanding of synovial fluid dynamics allows for
better estimation of the distribution and metabolism of the
cytokines and those drugs injected into the joint cavity.
Thus, the flow pattern of synovial fluid in the TMJ is
important to understand, not only for better comprehen-
sion of disease onset and development, but also for the
treatment of associated diseases.
Many finite element analyses have reported on the
biomechanical status of the TMJ, including its cartilaginous
structures and the articular disc.17e19 It is known that the
static and dynamic variables of the stress field, and the
subject-dependent joint load, significantly affect disc
mechanics.20 The joint biomechanical microenvironment,
which includes the hydrostatic pressure distribution in the
TMJ cartilage and the pressure produced by synovial fluid,
is an important mediator of differentiation and maturation
of chondrocytes and osteocytes. However, the character-
istic fluid dynamics of synovial fluid in the TMJ, including its
flow regularity and pressure distribution during functional
movements, have not yet been reported.
In the present study, we reconstructed a three-
dimensional (3D) configuration of the upper compartment
of the TMJ based on computed tomography (CT) images.
Three finite volume fluid dynamic models were constructed
to analyze the pattern of synovial fluid flow and pressure
distribution during TMJ movements.
Materials and methods
Participants
3D CT images of a TMJ were obtained from a fully dentate
healthy volunteer (21-year-old man). The volunteer was
selected according to the absence of present or past signs
and symptoms of a craniomandibular disorder (clicking,crepitation, or locking). The Schu¨ller radiograph examina-
tion of bilateral TMJs showed no abnormalities. He was
informed about this study and the CT protocol, which had
been approved by the Sun Yat-sen University Ethical
Committee of Medical Sciences. The volunteer signed
a detailed informed letter of consent.
Intra-articular pressure measurement and CT
arthrography
An 18-gauge needle was inserted into the upper compart-
ment of the participant’s TMJ through the anterior portion
of the right ear. The needle was connected to a pressure
sensor by a plastic tube filled with Ringer’s solution for
continuous monitoring of synovial fluid pressure.21 Pres-
sures were measured during jaw opening at positions of
maximum interincisal distance of 0 mm, 10 mm, 20 mm and
30 mm. After pressure monitoring, 1.2 mL 60% meglumine
diatrizoate (a contrast agent) was injected into the upper
compartment. The TMJ zone was digitally sectioned
transversely and sagittally by CT (Siemens SOMATOM(TM)
Sensation 64 CT scanner (Munich, Germany), mA: 300, kV:
120, slice: 0.2 mm) during jaw opening/closing at positions
of maximum interincisal distance of 0 mm, 10 mm, 20 mm
and 30 mm.
Fluid dynamics analyses
The boundarywas extracted from the transverse slices of the
TMJ by using an interactive medical image system (3D-
DOCTOR; Able Software, Lexington, MA, USA), and four
polygon-based models starting from the closed-jaw position
to the 3-cm open position were constructed. Commercial
pre-processing package (GAMBIT; ANSYS Inc., Lebanon, NH,
USA) was used to mesh the model and set up the boundary
conditions and fluidesolid conditions. The meshed models
were imported toa commercial CFDpackage, FLUENT (ANSYS
Inc.), for settingup computational parameters andexecuting
numerical simulation. The synovial fluid was assumed to be
a homogeneous and incompressible Newtonian fluid with
a density of 1010 kg/m3 and a dynamic viscosity of 0.008 kg/
(m.s).22 The synovial volume was 1314 mm3, 1308 mm3,
1098mm3 and 855mm3 from the closed-jaw position to the 3-
cm open position, i.e. the positions of maximum interincisal
distance of 0 mm, 10 mm, 20 mm and 30 mm. 3D governing
equations for incompressible and viscous fluid were adopted
for mass conservation.
vu
vx
þ vv
vy
þ vw
vz
Z0
where x, y and z are the coordinates of a 3D Cartesian
coordinate system, and u, v and w are velocity components
of the corresponding directions.
Considering an incompressible Newtonian fluid and
ignoring gravity, simplified NaviereStokes equations were
used for momentum conservation:
r
du
dt
Z vp
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r
dv
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dw
dt
Z vp
vz
þ mV2w
where r is the fluid density, p is pressure, and m is
viscosity.
Turbulence inside the flow field was calculated with the
RNG k-ε model. The numerical scheme for resolving the
flow-fields was a pressure-based segregated algorithm,
SIMPLEC, with aggregative algebraic multigrid (AAMG)
method. The calculation was performed with double
precision for accurate results. A parallel computing system
with multi-processors was used for the simulations.
MPICH2, a high-performance and widely portable imple-
mentation of the Message Passing Interface (MPI) standard,
was used to support the data communication of processors.
The upper surface of the articular cavity is usually
assumed to be immobile, because it is fixed to the inferior
surface of the temporal bone, while other parts move with
the TMJ. Therefore, in the simulation, the upper surface of
the model was set as an immobile boundary, while the
others were moving boundaries. Moreover, because of the
technical difficulty associated with simulating an actual
motion of the articular cavity from the continuous opening
and closing process of the mouth, four instantaneous posi-
tions were chosen from this movement and the surface
motions were calculated through the TMJ movement. First,
in detail, an axis was fixed on the TMJ, of which the
movement was defined according to the actual motion
(including translation and rotation). After the TMJ motion
was known, the movement of the contact surface between
the articular cavity and the TMJ could be defined. TMJ
motion was considered as a slow movement with an angular
velocity of 0.04 rad/s. According to the geometric and
kinematic relationships mentioned above, the contactFigure 1 Three-dimensional model of the upper compartment
openings of (B) 1 cm, (C) 2 cm, and (D) 3 cm. TMJ Z temporomansurface of the articular cavity could be determined with an
average velocity of about 0.002 m/s. In addition, the
surface of the cavity was assumed to be impenetrable. The
pressures at different jaw positions in the simulation were
obtained from clinical measurements.
Results
The intra-articular pressure in the upper joint compartment
was measured during jaw opening. The pressure showed
that a gradual decrease occurred during the process of jaw
opening, with pressure measured at 3.29 mmHg in the
closed-jaw position, 2.86 mmHg with jaw-opening of 1 cm,
0.64 mmHg at 2 cm, and e6.86 mmHg at 3 cm.
In the closed-jaw position, the upper compartment
covering the anterior aspect of the condyle, TMJ disc and
lower compartment was not radio-transparent in CT
images. This region extends to the neck of the condyle
anteriorly and to the posterior slope of the articular head.
The upper joint compartment, formed by the articular disc
and the temporal bone, appeared in a dumbbell shape,
being thinner in the middle with thicker endpoints. The
narrowest portion, between the anterior slope of the
condyle and the center of the posterior slope of the artic-
ular eminence, is believed to represent the path of the
resultant force vector.
The midsagittal section of the upper joint compartment
showed a typical S-shape configuration (Fig. 1) consistent
with Schu¨ller’s radiograph of a normal TMJ. The anterior
and posterior spaces of this compartment had similar
volumes. During the jaw-opening process, the condyle
translated forward. The anterior part of the upper
compartment decreased gradually, and disappeared
completely in an open-jaw position. The posterior spaceof a normal TMJ. TMJ (A) in closed jaw position, and at jaw
dibular joint.
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tapering to the anterior end when the jaw was opened by
3 cm. The upper compartment rested on the condyle at
a 1e3 o’clock position (Fig. 1D).
The model indicated that synovial fluid in the upper
compartment displayed a regular flow pattern during jaw
opening (Fig. 2). As the TMJ disc moved, the synovium near
the lower surface of the compartment moved medially,
until it reached the anterior space, and then moved back to
the posterior space along the articular surface of the
temporal bone. In this manner, an overall anticlockwise
circulation was generated in the midsagittal section. In
addition, local vortices were observed within the innermost
parts of the anterior space. Most of the fluid moved back to
the posterior space, along the thicker marginal space of the
cavity, following the narrowest part between the anterior
slope of the condyle and the posterior slope of the articular
eminence. The fastest synovial flow occurred closest to the
upper surface of the disc.
When the jaw was opened by 1 cm, the fluid pressure
increased and the posterior space enlarged. In addition to
the overall anticlockwise circulation of synovial fluid, local
vortices were observed at the anterior and posterior parts
of the compartment; particularly at the posterior portion
(Fig. 2B). When the jaw was opened by 2 cm, the posterior
vortex became more distinct, while the anterior one dis-
appeared (Fig. 2C). When the jaw was opened by 3 cm, the
anterior space disappeared and the posterior space
appeared as wedge-shaped, tapering to the anterior. The
synovium gathered in the posterior space, where uponFigure 2 Fluid velocity contours in the upper compartment of
openings of (B) 1 cm, (C) 2 cm, and (D) 3 cm. TMJ Z temporomana typical anticlockwise circulation with a central vortex was
generated (Fig. 2D).
The clockwise sliding movement of the disc that
occurred during the jaw-opening process was accompanied
by a decrease in the intra-articular pressure. The fluid
pressure in the anterior part of the upper compartment was
higher than in the posterior part (Fig. 3), due to the jaw
movement. The synovial fluid flowed toward the posterior
part of the articular cavity from the anterior part. When
the jaw reached its maximum opening, and was maintained
static in this position, a stable and equal stress distribution
was indicated. During jaw closing, the intra-articular
pressure of the posterior portion was higher than that of
the anterior part. At this point, the synovial fluid flow
returned to the anterior part of the articular cavity.
Discussion
Over the past few decades, much research effort has
attempted to determine the structure and physicochemical
properties of bone and cartilage tissues. The synovial fluid
in the articular cavity not only functions as a lubricant, but
also conducts the mechanical stress among articular
tissues. In TMJ disorders, circulation of synovial fluid
becomes the main mode of fluid flow in the TMJ; presum-
ably as a result of increased exudate volume, or due to the
intra-articular administration of hyaluronic acid or gluco-
corticoids.23 However, biomechanical research focusing on
synovial fluid in the TMJ has been limited to its lubricant
properties. Fluid flow patterns in synovial fluid and theira normal TMJ. TMJ (A) in a closed-jaw position, and at jaw
dibular joint.
Figure 3 Pressure distribution in the upper compartment of a normal TMJ. TMJ (A) in a closed-jaw position, and at jaw openings
of (B) 1 cm, (C) 2 cm, and (D) 3 cm. TMJ Z temporomandibular joint.
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Therefore, in the present study, the synovial fluid flow
patterns and pressure distributions at different jaw opening
positions were analyzed. This is the first study showing that
fluid flow in the upper compartment displays a regular
patterning with the jaw opening up to 3 cm.
In this study, the directions and patterns of fluid flow in
the upper compartment were investigated in relation to
jaw opening and to the volume of joint spaces. During jaw
opening, the synovial fluid near the upper surface of the
disc was carried by the disc movement to flow in the
anterioreinferior direction. Fluid flew back to the posterior
space, along the thicker marginal space of the compart-
ment or the articular surface of the temporal bone, thereby
completing a circuit. Additionally, because of the S-shape
configuration of the upper chamber, and the narrowness of
its central portion, synovial fluid in the center of the
chamber generated an anticlockwise vortex at both the
anterior and posterior spaces. These findings support our
hypothesis that synovial fluid exhibits a regular flow pattern
during jaw movements.
In degenerative joint disease, the affected chondrocytes
and synovial cells secrete high levels of inflammatory
factors (e.g., interleukin-1b and tumor necrosis factor-
a).10,11 All of these metabolites and cytokines accumulate
in local areas and may thereby accelerate the progression
of joint disease.As a result of the physiological existence of
fluid vortices and complex anatomical structure, it remains
difficult to deliver either physiological factors or thera-
peutic drugs to the anterior space; therefore, most factors
are delivered to the posterior space or low-lying areas of
the upper compartment. This situation tends to generaterelatively independent lesions in the posterior or anterior
articular space. To guarantee drug dispersal throughout the
whole upper cavity, our results indicate that it is more
effective to perform simultaneous injections into both
posterior and anterior articular spaces, or to perform the
injection after the arthroscopy (which has effectively
expanded the articular cavity). Understanding of the fluid
flow directions may be helpful in selecting the most
appropriate site for intra-articular injection of drugs and in
attaining the most accurate estimations of the spatial
distribution, target area, and metabolic process of the
drugs.
In this study, the intra-articular pressure was observed
to decrease with jaw opening, which corroborates the
findings of other studies.21 At a jaw opening ranging from
20 mm to 25 mm, movement of the condyle was observed to
transition from a simple rotation around the instantaneous
axis to a combination of rotation and translation. The disc
moved with the condyle, and the configuration of the upper
joint chamber and the pressure in the chamber suddenly
changed. Therefore, for patients with early TMJ disorder,
OA, or those performing rehabilitative exercise for TMJ
disorders, it is advisable to avoid excessive wide mouth
opening ( 3 cm). This is expected to prevent abnormal
synovial fluid flow and sudden change of fluid pressurefrom
accelerating the progression of joint disease. Additionally,
fluid pressure in the anterior joint space is greater than in
the posterior, because of the movement of jaw opening.
Although magnetic resonance imaging and CT techniques
are rapidly replacing Schu¨ller’s radiography for clinical and
research imaging examinations of TMJ disc disorders, it is
difficult to use magnetic resonance imaging and regular CT
Synovial fluid dynamics in temporomandibular joint 351to describe precisely the specific shape of the joint cavity
or the location and size of perforation in the joint disc.
Arthrography is an effective technique for diagnosis and
visualization of this disorder. In this study, we scanned the
upper compartments of the TMJs by CT arthrography at
different jaw opening/closing positions and reconstructed
the 3D patterns of fluid flow. CT arthrography of the TMJ
enabled accurate 3D depiction of abnormalities of the
articular surface of both the cartilage and the disc. The
shape of the upper compartment of the TMJ and its relative
position to the condyle were recorded in the present study.
With the current popularity of dental CT (cone beam CT),
CT arthrography coupled with 3D reconstruction may
provide a more accurate diagnosis, and a more quantitative
assessment of TMJ disorders.
The 3D configurations of the upper compartment of
a normal TMJ at different jaw opening positions in our study
were generated by the CT arthrography method, after
which, the synovial fluid flow patterns and pressure distri-
butions during mandibular movement were simulated by
finite volume fluid dynamic modeling.The model may not
accurately reflect the actual fluid dynamics in the upper
TMJ compartment in vivo. When the intraductal pressure
increases beyond the limits of the compensative ability of
the capsule wall, this numerical model is not appropriate.
However, based on this preliminary model, the hydrome-
chanical variation of synovial fluid under different patho-
logical conditions and the arthroscopic lavage fluid will be
further analyzed, which could help to explain further the
causes of pathological changes in the TMJ, and to improve
surgical and treatment techniques for TMJ disease states.Acknowledgments
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